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NOTATION 

Sound a r r i v a l  t i m e  a t  t h e  mth microphone measured 
r e l a t i v e  t o  t h e  a r r i v a l  t i m e  a t  t h e  c e n t e r  micro- 
phone and corrected f o r  h o r i z o n t a l  and v e r t i c a l  
depar tures  of t h e  microphone l o c a t i o n  from a h o r i -  
z o n t a l  c r o s s a  

Measured a r r i v a l  t i m e  a t  t h e  mth microphone, 

Funct iona l  r e l a t i o n  between t h e  a r r i v a l  t i m e s  a t  
microphones 4,5,6,7 and t h e  x coord ina te ,  

Funct iona l  r e l a t i o n  between t h e  a r r i v a l  t i m e s  a t  
microphones 2,3,889 and t h e  y coord ina te ,  

Correc t ion  i n  t h e  a r r i v a l  t i m e  f o r  h o r i z o n t a l  d i s -  
placement of a microphoned 

Correct ion i n  t h e  a r r i v a l  t i m e  for  v e r t i c a l  d i s -  
p lacement  of a microphone, 

Er ror  i n  t h e  measured t i m e  of a r r i v a l  f o r  micro- 
phone 4,5,6 or 7, 

Error  i n  t h e  measured t i m e  of a r r i v a l  f o r  micro- 
phone 263,8 o r  9,  

C o e f f i c i e n t s  of t h e  powers of x i n  A(xI 

C o e f f i c i e n t s  of t h e  powers of y i n  A(y IO 

East 

Symbol f o r  t h e  f u n c t i o n a l  r e p r e s e n t a t i o n  of a 
s y s t e m  of equat ions  used i n  t h e  e r r o r  a n a l y s i s ,  

Index of t h e  no i se  e v e n t o  

Jacobian of t h e  sys t em of e q u a t i o n s  used i n  t h e  
error a n a l y s i s ,  

C h a r a c t e r i s t i c  v e l o c i t y  i n  the x and y d i r e c t i o n ,  
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K 8  KO 
X 0  Y 

Approximate characteristic v e l o c i t y  i n  t h e  x and 
y d i r e c t i o n a  

Counters used i n  t h e  computer s o l u t i o n  t o  i n d i c a t e  
t h e  numbers of t r i a l s  :. pFze3  for  coavergag~ee 
of t h e  s o l u t i o n d  

n North 

P Propagat ion v e l o c i t y  vec to r ,  

P Magnitude of t h e  propagat ion v e l o c i t y  vector, 

x ,y ,z  components of propagat ion v e c t o r a  

a P o s i t i o n  v e c t o r  of the n o i s e  source i n  t h e  x , y , z  
systema 

T Time measured along t h e  t r a j e c t o r y  of the v e h i c l e  
re ferenced  t o  t h e  launch t i m e ,  

T ime  of t h e  jth no i se  event  measured a long  t h e  
t r a j e c t o r y  of t he  v e h i c l e  re ferenced  t o  t h e  launch 
timed 

Travel t i m e  of a sound wave from t h e  top of t h e  
j t h  l a y e r  t o  t h e  c e n t e r  microphoneo 

Time i n t e r v a l  spen t  by a sound wave i n  t h e  ith 
l a y e r  (i c j) 

I n i t i a l  estimate of  t h e  t i m e  d i f f e r e n c e  along t h e  
t r a j e c t o r y  between t h e  ( j - l ) s t  and j t h  n o i s e  event ,  

(I 

A t i  

B Veloc i ty  of sound vector,, 

V Magnitude of v e l o c i t y  of sound vec to r ,  

(5) 'V, Components of t h e  v e l o c i t y  of sound vector,, 

'avg j Average speed of sound i n  t h e  jth l a y e r a  

Speed of sound i n  t h e  j th l a y e r  c a l c u l a t e d  from 
the sound r e f r a c t i o n ,  

Error i n  t h e  sPeed of sound, 

Wind v e c t o r a  

AV 

W 

iii 



Hor izon ta l  wind components i n  t h e  x ly ;  Xg,ZQ and 
n o e  d i r e c t i o n o  r e s p e c t i v e l y o  

Error i n  t h e  x and y wind componenfs, 

Coordinate  system de f ined  by t h e  t w o  legs of t h e  
microphone a r r a y  w i t h  o r i g i n  a t  t h e  c e n t e r  micro- 
p h o n e ~  z p o i n t s  up. 

Coordinates  of t h e  jth n o i s e  even t  i n  t h e  ( x , y , z )  
system, 

Coordinates  of t h e  v e h i c l e  i n  the  ea r th  f i x e d  
coord ina te  system of t h e  t r a j e c t o r y ,  The o r i g i n  
of t h i s  system is a t  t h e  launch si te,  

Coordinates  of t h e  mth microphone i n  t h e  ( x , y , z )  
systemo 

z coord ina te  of t h e  t o p  of t h e  ith l a y e r  (i 2 j> 
Increments of h o r i z o n t a l  range of t h e  sound r a y  
i n  t h e  ith l a y e r  i n  t h e  (x ,y , z )  system, 

Di rec t ion  c o s i n e s  of  t h e  wave f r o n t  normal 
w i t h  the  x ,  y and z axesa  

8 
The t o l e r a n c e  w i t h i n  which V, and VaVgj are matched, 

Increment i n  T,, 

E leva t ion  angle  of t h e  wave f r o n t  normal at t h e  
c e n t e r  microphone, 

To ta l  e l a  sed t i m e  f r o m  l i f t - o f f  t o  t h e  sound a r r i v a l  
of t h e  jtE noise even t  a t  t h e  c e n t e r  microphone, 

. 

Azimuth angle  of t h e  wave f r o n t  normal a t  t h e  c e n t e r  
microphone, 

i v  



votation for computer Output: (Tables 1 and 2 )  

w N =  

DWX = AW, 

DWY = AwY 

I J = j  

I KX = R, 
1 
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.. 3 INTRODUCTION 

I 

A technique f o r  measuring winds us ing  t h e  Sa turn  

exhaust  n o i s e _ h a s  been successfully employed to determine t h e  

wind p r o f i l e  over Cape Kennedy from ground t o  85 kzlometerso 

- 

T h e  technique i s  an ex tens ion  of the  Rocket-Grenade Experiment, 

u t i l i z i n g  a s  i t s  sound sourcep r a t h e r  t han  t h e  grenade, t h e  

a c o u s t i c  noise of t h e  Sa turn  rocke t  exhaus ta  

I n  t h e  Rocket-Grenade Experiment d i s c r e e t  sound even t s  

occur  a t  accu ra t e ly  known p o s i t i o n s ,  and t h e  t i m e s  and angles  

of a r r i v a l  of these even t s  a t  a ground microphone a r r a y  a r e  

used to determine t h e  atmospheric temperature  and windsle  

The use of t h e  rocke t  exhaust  t o  provide t h e  noise even t s  l e a d s  

t o  a s u b s t a n t i a l  d i f f e r e n c e  between t h e  two methods6 >he 

purpose of this repor-k is t o  desc r ibe  t h e  technique and t o  

p r e s e n t  t h e  wind p r o f i l e  determined dur ing  t h e  f h g h t  of t h e  

S a t c r n  SA-9,  The method of da t a  reduct ion  is described and a 

pre l imina ry  e r r o r  a n a l y s i s  is presented, 
I 

P 



51 ,, BACKGROUND 

The Rocket-Grenade Experiment is described i n  the 

' i t e r a t u r e 2  ~3 and the  meteoro logica l  r e s u l t s  of i t s  e x t e n s i v e  

a p p l i c a t i o n  form t h e  basis  fo r  a l a r g e  p a r t  of man's knowledge 

of t h e  atmosphere between 30 and 85 k i l o m e t e r s e  The grenade 

technique is based on t h e  dependence of the  v e l o c i t y  of sound 

i n  a gaseous medium on t h e  gas  temperature  and mass motion, 

By measuring the  t i m e  r equ i r ed  f o r  a sound even t  t o  traverse 

f r o m  i t s  source of known p o s i t i o n  t o  a microphone a r r a y  on the  

ground and measuring i t s  angle  of a r r i v a l p  the average tempera- 

t u r e  and wind between ad jacen t  grenade d e t o n a t i o n s  can be deter- 

I mineda 
I 

When rocket exhaus t  n o i s e  i s  used, because of  i t s  con- 

t i n u o u s  n a t u r e ,  t h e  t i m e  and l o c a t i o n  of a g iven  n o i s e  even t  

is n o t  knowno excep t  t h a t  it occured a long  the  t r a j e c t o r y r  I f ,  

however, t h e  temperature  i s  determined independent ly ,  t hen  t h e  

a r r i v a l  angles  of each of t h e  many n o i s e  e v e n t s  t h a t  c h a r a c t e r i z e  

t h e  exhaust  can be used t o  determine windsa A ground based 

a r r a y  of microphones i n t e r c e p t s  t h e  a c o u s t i c  wave f r o n t  of a 

n o i s e  event  and t h e  t i m e  of a r r i v a l  a t  i n d i v i d u a l  microphones 

i s  used t o  c a l c u l a t e  a r r i v a l  ang leo  The n o i s e  e v e n t  is traced 

back by an i t e r a t i v e  process  u n t i l  it c o r r e c t l y  i n t e r c e p t s  t h e  

t r a j e c t o r y ,  Each n o i s e  event  so traced leads t o  a wind data 

p o i n t ,  g iv ing  rise t o  a wind p r o f i l e  i n  a s t r a t i f i ed  atmosphere 

w i t h  t h e  average wind i n  each l a y e r  between selected n o i s e  e v e n t s r  

The assumptions made f o r  t h e  approach d e s c r i b e d  he re  are: 

1) The v e r t i c a l  component of wind is n e g l i g i b l e  compared 

I 

w i t h  t h e  loca l  speed of sound,, 

2 



2) The source of sound is considered to be a point located 

at the nozzle of the engine or a known distance behind along 

=he flight patha The sound wave is approximated by a plane 

wave at a large distance from the source. 

3) The atmosphere remains in a steady state for the dura- 

tion of the measuremente 

3 



I L I ,  THE EXPERIMENT 

3,1 The Measurement 

A cross shaped a r r a y  of n ine  microphones was 

s e t  up on t h e  s o u t h e a s t  p o i n t  of Cape Kennedy t o  monitor t h e  

SA-9 f l i g h t ,  A minimum of t h r e e  microphones are necessa ry  t o  

determine t h e  a r r i v a l  angle  of t h e  sound; t h e  a d d i t i o n a l  micro- 

phones provide a method of. improving accuracy and a f f o r d  

redundancy, 

t h e  a d d i t i o n a l  microphones e l i m i n a t e s  f i r s t  order s p h e r i c i t y  

e r r o r s  from the  plane wave a n a l y s i s ,  

As shown i n  t h e  e r r o r  a n a l y s i s ,  t h e  proper  use Of 

The s i z e  of t h e  microphone a r r a y  shown i n  F i g a  1 i s  about  

1 2 0 0  meters on each  crossed a x i s ,  The s i z e  i s  based on cons i -  

d e r a t i o n  of t h e  accuracy w i t h  which a r r i v a l  t i m e s  can be measured 

and on e r r o r s  introduced by t h e  second o r d e r  s p h e r i c i t y  t e r m  

which i n c r e a s e s  w i t h  a r r a y  s i z e o  The microphones are l o c a t e d  

i n  h e a v i l y  vege ta ted  l o c a t i o n s  t o  minimize loca l  wind n o i s e o  

A t  each microphone l o c a t i o n o  a c o n c r e t e  box i s  sunk so t h a t  i t s  

t o p  s u r f a c e  is  l e v e l  w i t h  t h e  s u r f a c e  of t h e  grounda These 

boxes conta in  t h e  microphones and s e r v e  as permanent survey 

markerso A survey was performed which d e f i n e d  t h e  local  g e o d e t i c  

network p o s i t i o n  of each microphone l o c a t i o n  to w i t h i n  6 i n c h e s a  

The microphones a r e  ho t  w i r e ,  s i n g l e  chamber Helmholtz 

r e s o n a t o r s  tuned t o  about 4 cycJ.es/sec, This  l o w  f requency 

c h a r a c t e r i s t i c  i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  ex t remely  f a r  

f i e l d  measurements s i n c e  t h e  atmosphere t e n d s  t o  be a l o w  pas s  

f i l t e r  over  long d i s t a n c e s ,  The microphones and t h e i r  ampli- 

f i e rs  were designed a t  Texas Western Col lege  f o r  use  i n  t h e  

4 
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4 Rocket-Grenade Experiment , 
F i g o  2 LS a block diagram of t h e  sound ranginc; systema 

The e l e c t r o n i c  and r eco rd ing  equipment, a r e  housed i n  a van 

located near  microphone 4 ,  Although a l o c a t i o n  nea r  microphone 

#1 would r e q u i r e  aboct  2 1 / 2  m i l e s  less microphone cable, it 

was considered desirable t o  keep t h e  van removed from t h e  a r r a y  

t o  reduce the  possibility of r e f d e c t i v e  i n t e r f e r e n c e j  

The microphone ou tpu t s  are reCCXded f rom be fo re  launch 

u n t i l  10 minutss a f t e r  l o s s  of s i g n a l ,  O n  t h e  SA-9 f l i g h t d  

t h e  microphones were l o c a t e d  about  1 0  km from t h e  launch pad, 

The exhaust  n o i s e  w a s  aud ib le  t o  t h e  microphones from B.aunch 

t o  more than 1 0 0  km slant range, A manuably ope ra t ed  v a r i a b l e  

a t t e n u a t o r  w a s  used t o  maintain a proper  s i g n a l  Level i n t o  the 

record ing  s y s t e m ,  F i g ,  3 1s a 2-second record made a t  about 

55 seconds after launchc The correlation of t h e  microphone 

o u t p u t s  i s  shown, 

3,2 Theory 

I n  t h e  absence of local i n t e r f e r e n c e d  t h e  acous- 

t i c a l  wave f.;c.:$t oE a n o i s e  event appears  essentially i d e n t i c a l  

t o  microphones a t  s epa ra t ed  l o c a t i o n s ,  If iden t i ca l .  n icrophones 

are usedLD t h e  ou tpu t  wave .:,,Y- of one microphone matches t h a t  of 

another  - s h i f t e d  in t i m e ,  T h i s  t i m e  s h i f t  1.9 a func t ion  of 

t h e  sound a r r i v a l  ang le ,  t h e  l o c a l  speed of s o u n d j  and t h e  

microphone placement, The a r r i v a l  ang le  can be c a l c u l a t e d  

by measuring the  t i m e  i n t e r v a l  and t h e  l oca l  speed of soundd 

A f t e r  t h e  angle  of a r r i v a l  of a n o i s e  event  is determined,  

t h e  sound is r a y  t r a c e d  backwards towards t h e  s o u r c e ?  The f i r s t  

6 
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no i se  even t s  a r e  r a y  t r a c e d  through l a y e r s  of known temperature  

and wind. Eventual ly  an i n t e r v a l  is  reached between t h e  t o p  of 

t h e  l a s t  l a y e r  of known wind and t h e  source of sound, A t  t h i s  

po in t ,  convent ional  r a y  t r a c i n g  procedures  must be abandoned 

s i n c e  t h e  wind is  unknown; however, two independent r equ i r e -  

ments a r e  a v a i l a b l e r  

1) The sound r a y  must i n t e r s e c t  t he  t r a j e c t o r y ,  

2 )  Any i n t e r s e c t i o n  chosen w i l l  y i e l d  a wind va lue ,  The 

correct i n t e r s e c t i o n  po in t  must s a t i s f y  the c r i t e r i o n  

t h a t  t h e  t i m e  of a r r i v a l  of t h e  no i se  event  measured 

f r o m  launch equals  t h e  t i m e  of f l i g h t  to t h e  i n t e r s e c -  

t i o n  p lus  t h e  t i m e  requi red  for  t h e  sound t o  t r a v e l  

from t h e  i n t e r s e c t i o n  t o  the a r r ay ,  

These t w o  cond i t ions  uniquely determine the coord ina tes  of t h e  

source  along the  t r a j e c t o r y  and t h e  average wind i n  t h e  i n t e r v a l ,  

9 



IV, DATA ANALYSIS 

The first step in data reduction is the cross corre- 

lation of the microphone output wave forms in order to determine 

the arrival timesc, In the analysis of the SA-9 data, this cross 

correlation was done manually using the method described below, 

1) A group of at least ten successive waves is selected 

from the output of microphone IC 

2) This group of waves is identified on every other 

channelo The identification is made by comparison of 

wave shapes and periods, 

3)  The wave form with the sharpest peak is chosen from 

this group and its time of occurrance on each micro- 

phone is recorded, 

After the arrival times are read,, the arrival angles are 

written in terms of characteristic velocities along each axis, 

Kx and Kyo 

as the velocities of the intersection of the wave front with 

the x and y axes respectively, 

The characterisitc velocities Kx and Ky are defined 

In terms of characteristic velocities, the elevation and 

azimuth angles of the normal to the wave front are 

.l 

where vo is the velocity of souzd and Wxoo Wyo are the x and y 

components of the wind at the grounda 

Along each axis the arrival times at 5 microphones are 

measureda In the calculation of Kx and Ky all times are measured 

10 



with respect to microphone Nor 1, reducing this to 4 non-zero 

arrival times, Only one of the 4 times is necessary to define 

the characteristic velocity for an axis, but errors can be 

reduced by averaging or by writing the arrival times as a 

function of the distance along the axis, 

(3a) 

(3b) 

A(x) = ax + bx2 f cx3 + dx 4 
A(y) = a m y  + b'y2 + c'y3 + d'y 4 

Any polynomial of 4th degree or less can be usedr The 

coefficients are computed by imposing a "least square error" 

restriction., 

The nine microphones do not lie exactly on the two legs 

of a horizontal crosse Corrections in the sound arrival times 

due to their displacements in the horizontal and vertical direc- 

tions have been derived by Otterman5 ., 
For horizontal correction 

% (i7 - Ah) 
6Ahm = - 

KX x7 - x4 
(m = 2,3,8,9) 

(m = 4,5,6,7) 

For vertical correction: 

(m = 2,3 . o r . . o e .  9) 

11 



The corrected t i m e  f o r  t h e  mth microphone, Am, r e f e renced  

t a  microphone #1 is :  

( m  = 2 t 3  O O b O b , , O I  9) 

The c h a r a c t e r i s t i c  v e l o c i t i e s  Kx and K y  are de f ined  as fo l lows:  

Milne6 has  shown t h a t  t h e  wave f r o n t  normal of t h e  r a y  

reaching  t h e  microphones remains p a r a l l e l  t o  t h e  same ver t ica l  

p lane  throughout i t s  propagat ion,  For a p l ane  wave t h e n ,  t h e  

c h a r a c t e r i s t i c  veloci t ies  of a s p e c i f i c  sound r a y  are c o n s t a n t o  

S ince  t h e  temperature and wind a r e  t reated as c o n s t a n t  i n  any 

l a y e r ,  t h e  segment of t h e  sound r a y  i n  t h a t  l a y e r  can be approxi-  

mated by a s t r a i g h t  l i n e ,  The wave f r o n t p  assumed p lane ,  i s  

r e f r a c t e d  a t  each l a y e r  i n t e r f a c e  i n  a way analogous t o  t h e  

r e f r a c t i o n  of l i g h t  waves,, This  r e f r a c t i o n  i s  due t o  a change 

i n  t h e  magnitude of v e l o c i t y  of sound between l a y e r s ,  F u r t h e r  

r e f r a c t i o n  occurs  i f  wind d i r e c t i o n  and magnitude are n o t  

i d e n t i c a l  across  l a y e r  boundaries ,  

Before t h e  wind can be computed i n  any l a y e r  (I th) t h e  

sound is ray t r a c e d  through t h e  p rev ious  l a y e r s  where t h e  wind 

has  been found, The equa t ions  used f o r  t h i s  r a y  t r a c i n g  have 

been der ived  by Otterman f o r  t h e  Grenade Experiment 5 The 

components of t h e  sound v e l o c i t y  of t h e  j t h  n o i s e  even t  i n  any 

12 



previous l a y e r  ( ith) are i n  terms of known q u a n t i t i e s  

2 2 1 /2  
pz - - ("avgi - v x i - v  1 

Yi i 

The t i m e  spen t  i n  t h e  ith l a y e r  is 

"i 

And t h e  d i s t a n c e  t r a v e l e d  is  

The t o t a l  t i m e  and d i s t a n c e  through the(j-.1)8t l a y e r  is  then 

j-1 

k=l 
C Axk 

j-1 

k = l  
AYk 

13 



Next t o  determine winds i n  t h e  l a s t  l a y e r :  

The rocke t  p o s i t i o n  ve r sus  t i m e  f u n c t i o n  is obta ined  from 

t h e  t r a j e c t o r y :  

(13) 

Xg = X g ( T )  

Y g  = Y g ( T )  

z g  = Z g ( T 1  

where T r e p r e s e n t s  f l i g h t  t i m e  or t i m e  of emittance of a n o i s e  

even t  measured f r o m  l i f t - o f f ,  The coord ina te s  X g , Y g t Z g t  are 

then  transformed t o  ( x , y , z ) ,  t h e  c o o r d i n a t e  system a t  t h e  c e n t e r  of 

the microphone a r r a y e  From t h e  geometry of Fig,, 4 ,  t h e  fo l lowing  

t i m e  and v e l o c i t y  equa t ions  are apparent, ,  

T i m e  Re la t ionsh ips  f o r  jth Noise Event 

T = T + t  

j-1 

where A t  = t h e  increment of t i m e  i n  t h e  unknown l a y e r a  I 
t = t o t a l  t r a v e l  t i m e  of t h e  sound from (x,, y j r  z . )  to 

I 
t h e  a r r a y a  

Veloc i ty  r e l a t i o n s h i p s :  

J 

j-1 
Axk x - c  - j I c = 1  

px - A t ]  (17b) 

14 
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where  P = magnitude of propagat ion v e l o c i t y  vector of t h e  sound 

r ay  b 

and Pxr P y p  P, are components of P i n  the  x, y r  z d i r e c t i o n s ,  

r e s p e c t i v e l y  , 
T h e  propagat ion v e l o c i t y  i s  t h e  t o t a l  v e l o c i t y  of t h e  

wave f r o n t  t r a v e l i n g  a long  t h e  s t r a i g h t  l i n e  p a t h  from ( X j , y j r z j )  

t o  
j-1 j -1 

I t  i s  composed of t h e  v e l o c i t y  of sound and t h e  wind and is ,  

t h e r e f o r e ,  n o t  i n  g e n e r a l  normal t o  t h e  wave f r o n t a  Thus, 

equa t ions  17a, 1 7 b v  and 1 7 c  can be w r i t t e n  as: 

Pz = v, (1W 

Px = vx + w, ( l a b )  

( 1 8 ~ )  Y Py = vy + w 

W x ,  W a r e  t h e  conponents of wind i n  t h e  l a y e r  under i n v e s t i -  

g a t i o n  f o r  x and y direcP;;iws, r e s p e c t i v e l y ,  

V x o  Vy,  Vz a r e  t h e  v e l o c i t y  of sound components i n  t h e  l a y e r  

under i n v e s t i g a t i o n  f o r  t h e  x g  y and z d i r e c t i o n s ,  r e s p e c t i v e l y ,  

Y 
(W, i s  n e g l e c t e d ) ,  

For t h e  unknown, bu t  cons t an t  wind f i e l d  i n  t h e  l a y e r  between 

r ay  pa th  from t h e  t r a j e c t o r y  t h a t  w i l l  s a t i s f y  t h e  equations ( 1 4 )  

through (18)  and t h e  cond i t ion  t h a t  c h a r a c t e r i s t i c  ve loc i t ies  

are cons t an t  f o r  a given r ay ,  Otterman5 h a s  d e r i v e d  t h e  follow- 

i n g  express ions  f o r  Vx and V Y 3  These e q u a t i o n s  exemplify t h i s  

1 6  



d i r e c t i o n a l  dependence of i n  any l a y e r  on the measured 

c > i a r a c t e r i s t i c  v e l o c i t i e s  a t  t he  array,, 

2 
v, = vz 

K, - P, - Py 
Y 

2 V 
= 

vY - Py - P, 3 
KY X 

The magnitude of t h e  v e l o c i t y  of sound can be found from: 

V '  = (V, 2 + vy 2 + v, 2) 112 

From these e i g h t  equat ions  (13) through (20)  , p o s i t i o n  

(x j  , y . , z . , T .) and an average wind can be determined for  the  

l a y e r  under i n v e s t i g a t i o n .  

procedure o u t l i n e d  below, 

3 3 3  
These equa t ions  are solved by t h e  

A sound is  heard a t  t h e  t i m e ,  T I  f r o m  l i f t - o f f  a t  t h e  

microphone a r r a y o  C h a r a c t e r i s t i c  v e l o c i t i e s  K, and K are 

determined and t h e  r ay  is retraced t o  t h e  t o p  of t h e  level of 

known temperature and wind, 

Y 

T h i s  p o i n t  of i n t e r s e c t i o n  i s  

j-1 
C 

k=l 
h t k  i s  determined dur ing  t h e  r a y  t r a c i n g  c a l c u l a t i o n ,  

Next: 

1) A reasonable  value f o r  T .  based upon t h e  v e l o c i t y  of 
3 

sound and winds i n  lower l a y e r s  is  s e l e c t e d ,  This 

determines coord ina tes  x j o  y j l  zj along t h e  t r a j e c t o r y ,  

17 



t and At, are determined us ing  equa t ions  (14) and 

( 1 5 )  e 

Using A t j  and t h e  p o s i t i o n  coord ina te s  chosen, P,, 

P x r  and Py are determined from equa t ion  ( 1 7 ) a  

These i n  t u r n  are used i n  equat ion  ( 1 9 )  t o  o b t a i n  V, 

and Vyd 

From equat ion  ( 2 0 )  t h e  magnitude 

sound is  c a l c u l a t e d  and compared 

of t h e  v e l o c i t y  of 

w i t h  t h e  known v e l o c i t y  

of sound f o r  t h a t  l a y e r a  If these v a l u e s  ag ree ,  t h e  

s e l e c t e d  T. d e f i n e s  t h e  t r u e  p o s i t i o n  of sound emi t tance ,  

I f  they do n o t  ag ree ,  an i t e r a t i o n  p rocess  i s  carried 

o u t ,  u n t i l  agreement i s  achieved w i t h i n  error l i m i t a -  

t i o n s .  

3 

With t h e  correct va lue  f o r  P,, Py, V,, and V t h e  horizon-  Y 
t a l  wind components can then  be found from equa t ions  (18b) and 

( 1 8 ~ )  6 

1 8  



L 3  COMPUTER SOLUTION 

The s o l u t i o n  fo r  winds has  been programmed fo r  t h e  

IBM 7090 computero Figure 5 shows t h e  f l o w  diagram fo r  t h e  wind 

s o l u t i o n ,  

The speed of sound p r o f i l e  is  obta ined  f r o m  radiosonde 

and rocketsonde d a t a ,  and above t h e  a l t i t u d e  of these measure- 

ments, f r o m  "s tandard atmosphere" va luese  For t h e  computer 

i n p u t  t h e  p r o f i l e  is  piecewise l i n e a r i z e d  using 22 s t r a i g h t  

l i n e  segments e 

The vehicle p o s i t i o n  data i s  en te red  a t  i n t e r v a l s  of 0,5 

seconds,  

w i th in  1 meter of t h e  p o s i t i o n  determined from Lagrange's formula 

o r  Aitkin'smethod of i terat ive l i n e a r  i n t e r p o l a t i o n  even a t  

Linear  i n t e r p o l a t i o n  between t h e s e  i n t e r v a l s  ag rees  

the  h i g h e s t  v e h i c l e  speedsd 

To i n s u r e  convergence of t h e  i t e r a t i v e  process ,  c1 ( t h e  
D va lue  w i t h i n  which V 

i n  T)must be compatible  (Fige 6), Counter parameters  L and M 

and Vavgj  are matched) and c 2  (incremenk j 

a s s u r e  t h a t  the  s o l u t i o n  has converged and i n d i c a t e  t h e  direc- 

t i o n  of modi f ica t ion  of t h e  i n i t i a l  assumption of 6T, 

The r e l a t i o n  between and i s  found as follows: 

For t h e  jth no i se  event :  
j-1 

X .  - c Axk - 
3-  

k = l  

px - 3 t k  - T 

j-1 



COMPUTE THE TRAJECTORY 
FSAD SPEED OF OF 'THE NOISE SOURCE 
SOUND PROFILE EARTH FIXED CO-ORDINATE SYSTEM AND TRANSFORM TO (x , y , z )  
V I Z )  va 2 T,XIIT). Y,ITI.Z,(TI. %(TI, dYdT l ,  dZk(T) SYSTEM WITH MICROPHONE 

d r  ,ii AT #I AS ORIGIN 

REA0 THE CO-ORDINATES OF MICROPHONES 
rm. Ym. zm (m.1.2. 91 

I .  I 

- 
SET 
1-1 
ZAl,*O 

I.1 

I 

w 

I. ,  

WMFlJTE CHARACTERISTIC VELOCITIES 
KXl, Kyl By LEAST WUARF. SOLUTION 

P Am.0 
I., 

w 

MICROPHONE TIMES mR bPF'LY mRRECTlON FOR FIX NOISE EVENT READ r 
APPLY CORRECTION TO 

HORIZONTAL AN0 VERTICAL MICROPHONE RESPONSE MICROPHONES REFERENCEO TO 

DISPLACEMENTS OF TIMES, REFERENCEO TO#I MICROPHONE #I  MICROPHONES 

E , ,  E 2 ,  8T,+ AND 
SWND ARRIVAL ~ M E S  F& ALL 
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ARRAY 

CONVERGENCE OF THE SOLUTION FOR 
DETERMINATION OF TIME AND POSITION 

OF THE j TH NOISE EVENT 
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and 

Now 

z .  - z - j-1 
1-1 pz - 

i-1 i-1 

j-1 j-1 

( T  C A t k  - T) 
k = l  

j -1 
+ - C Atk T)  dz 

k = l  Fi' dPz - - j-1 

dT- 1-1 (22C)  {T - C A t k  - T I 2  
k = l  

To s i m p l i f y  t h e  computations it i s  assumed t h a t  t h e  v e l o c i t y  

of sound i n  t h e  upper l a y e r  i s  c o n s t a n t  and wind is s u f f i c i e n t l y  

small so t h a t  t h e  approximation Px = Vx and Py T V is  j u s t i f i e d .  

so 
Y 

dV 
E 1 = 1,l '2 

Taking t h e  case of j = 2 7  as an example, 

T = 310,O seco dx  = 1041,46 m / s  

22  



j-1 

k=l  
Atk ~ 1 8 2 , 4 2 4 5  SeC. 

T 120.8481 sec. 

X j  = 2187861 m. 

j-1 j-1 

k = l  k = l  

y j  z 16940.9 m. 

c AXk = 21147.4 AYk = 16452‘6 

these values  give 

€1 = 280 E2 

= 422.09 m/s 

d~ dz P 1118.31 m/s 

- 49280.7 m. 

= 47423.4 m. j-1 

Based on an evaluat ion of ovetal l  system parameters, a 

c r i te r ion  of 0.2 meters/sec. has  been established as t h e  value 

for  and equation (25) is used t o  de termine  t h e  appropriate 

tolerance for  E2 . 
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V I 0  THE WIND PROFILE 

F i g u r e s  7 and 8 graph t h e  wind p r o f i l e  determined 

du r ing  t h e  f l i g h t  of t h e  SA-gs Also p l o t t e d  are t h e  rocke t -  

sonde and rawinsonde measurements taken  n e a r  t h e  t i m e  of t h e  

SA-9 f l i g h t ,  The agreement between t h e  methods is c o n s i s t e n t  

w i t h  t h e  r e s u l t s  of t h e  error a n a l y s i s ,  

Table 1 l i s t s  t h e  i n p u t  q u a n t i t i e s  i n  t h e  f i rs t  f o u r  

columns, 

t h e  s o l u t i o n s  converged are l i s ted  under T 

X j o  Y j ,  and z 

three coord ina te  systems: (1) t h e  system of t h e  microphone a r r a y  

( 2 )  t h e  system of t h e  t r a j e c t o r y ,  and ( 3 )  t h e  North-South, E a s t -  

West system, The d a t a  p o i n t s  were computed a t  i n t e r v a l s  of 1 0  

seconds f o  

The t i m e  and c o o r d i n a t e s  of t h e  t r a j e c t o r y  t o  which 

(Range Zero = 14.37tOOZ) j 
The remaining columns l i s t  t h e  wind v a l u e s  i n  

j" 

24 





S A - 9  EXHAUST NOISE 
MEASURE MEN T 
WIND PROFILE 
SA-@ LAUNCH DATE1 FEB 16, 1965 

TIME I 14.37103 2 - 
0 EXHAUST NOISE MEASUREMENT 
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Fig. 8 
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VIIo ERROR ANALYSIS 

Four sources  of errors are cons idered  i n  t h i s  a n a l y s i s ,  

1) Error  i n  t h e  measurement of sound a r r i v a l  times 

a t  each microphone, 

de r ived  va lue  of c h a r a c t e r i s t i c  v e l o c i t y  K x ,  K 

E r r o r  i n  t h e  speed of sound p r o f i l e .  

T h i s  i n t r o d u c e s  error i n  t h e  

Y' 

2) 

3 )  Uncer ta in ty  i n  t h e  p o s i t i o n  of t h e  n o i s e  source  

w i t h  r e s p e c t  t o  t h e  v e h i c l e ,  

E r ro r  from p lane  wave assumptiona 4 )  

7,1 Sound A r r i v a l  T i m e  Error  

I t  w i l l  be shown t h a t  error i n  c h a r a c t e r i s t i c  

v e l o c i t y  de te rmina t ion  i s  t h e  most s i g n i f i c a n t  c o n t r i b u t o r  t o  

wind  error ,  The errors i n  t h e  J th  Payer winds due t o  a charac-  .. - 

t e r i s t ic  v e l o c i t y  error a r i se  from t w o  d i s t i n c t  sourcesd F i r s t ,  

an i m p l i c i t  error  i s  in t roduced  i n  t h e  winds  because t h e  r e s u l t  

of t h e  r a y  t r a c i n g  t o  t h e  t o p  s u r f a c e  of t h e  ( j - 1 I s t  l a y e r  i s  

d i s p l a c e d  from t h e  a c t u a l  p o i n t  of P e n e t r a t i o n ,  Second, wind 

error  i s  in t roduced  e x p l i c i t . l y  i n  t h e  jth l a y e r  from t h e  e r r o r  

i n  K X . @  K 
J Y j "  
Both types  of error can be s t u d l e d  from a c o n s i d e r a t i o n  

of F i g o  9 ,  The fo l lowing  equa t ions  a r e  dekived f r o m  i n s p e c t i o n  

of t h i s  f i g u r e ,  

2 8  



I 
I 

THE ARRIVAL OF THE JTH NOISE EVENT AT 

( SAX ~ , Z ? Y ~ , Z  j-1) 
i-r i-i 
N = l  

Fig. 9 
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This is simply the expression of an expanding spherical 

wave in a moving mediumo 
j-1 j-1 

k= 1 k= 1 
The direction cosines of the ray at ( C Axkr C Aykr zjm1) are 

j-1 
x + Wx At - C Axk 

a =  j j k=l 

j-1 

V At avgj j 

z -  
= j 'j-1 

I 

j-1 
where At = T .  - T - Atk 

j 3 j k=l 

The characteristic velocities are then 

V avgi + w + W B/a 
Y Kx = - 

X a 

K~ = - 'avqj + wY + wx a /B  
6 

For simplicity in writing let 
j-1 j -1 

Keeping in mind that the trajectory gives 

Tj - Tj - and that Atj = 

the above equations can be rearranged to give 

30 
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H ( ~ , # K y # W x # W y l T  j # t o # x o I Y o , V )  = 
(x.+Wx4t.-xo) 2 +(y.+W At.-yo) 2 + ( z . - z  )2-V2Atj2 0 (32) 

I 3 J Y J  3 0  
c 

Trea t ing  Wx, W and T as dependent variables t h e  Jacbbian Y 
o f t h i s  system of equat ions is 

" = I = =  

'$7 FT 
Y 

Y 

Y 

GT 

HT 

GW X Gw 
HW X HW 

where aF is denoted by F etc. aw, WX 

Then 

F F F 

G G 
xO wY 

XO wY GT 

J 

F T Y 
FW F 

KX 

GT 
X wY 

G GK 
- 

E H 
HK x wy T 

J 

awx - - -  - 

and s i m i l a r l y  f o r  aWx awx 3, 5, -t -# 

Ft 0 

Ht 0 

0 
Gt 

Y 
FW 

wY 
G 

H 
W" 

F 

G 
T 

T 

J 

(33) 

(341 

(35) 
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The p a r t i a l  d e r i v a t i v e s  of W w i t h  r e s p e c t  t o  xo, yo# and to g i v e  

an i n d i c a t i o n  of t h e  f i rs t  type  of errorp mentioned ea r l i e r e  

The d e r i v a t i v e s  of W w i t h  r e s p e c t  t o  c h a r a c t e r i s t i c  v e l o c i t y  

are a measure of  t h e  second types  

The t o t a l  error i n  jth l a y e r  winds due t o  an error i n  t h e  

jth charac te r i s t ic  v e l o c i t i e s  is: 

+ awx) A t o  ( I  aw 
'r + 

o j  j 
AKX 

AWx = awx 

A s i m i l i a r  express ion  can be w r i t t e n  f o r  AW . 
L - 4  

j aKx j 

'j 

I n  order t o  e v a l u a t e  AWx it is necessary  t o  e v a l u a t e  A t o P  

These parameters  are computed by r a y  t r a c i n g  each 

The error i n  t h e  charac-  

j 
Axo and Ay 

va lue  of Kx and K 

t e r i s t i c  v e l o c i t i e s  can be r e l a t e d  t o  errors i n  t h e  measured 

t i m e  of a r r i v a l  a t  t h e  mth microphone by 

0 

t o  t h e  l e v e l  zj-1. 
Y 

Calcu la ted  va lues  of AWx and AW are shown i n  F i g d  1 0  and 
Y 

11 and are l i s t e d  i n  Table 2 a long  wi th  a c t u a l  d i f f e r e n c e s  f r o m  

wind computations f o r  e r r o r s  of ,,5 m s  and 2 ms, These computa- 

t i o n s  w e r e  made f o r  a = 100,150,200,250 e tc ,  These t i m e  of 

a r r i v a l  errors a r e  in t roduced  i n t o  eve ry  microphone p a i r  and i n  

t h e  same d i r e c t i o n  t o  maximize t h e  r e s u l t a n t  wind error., 

An i n t e r e s t i n g  obse rva t ion  from Table  2 i s  t h a t  t h e  errors 

i n  t h e  jth l a y e r  winds caused by errors in t roduced  i n t o  t h e  

c h a r a c t e r i s t i c  v e l o c i t y  f o r  t h a t  l a y e r ,  r e s u l t  i n  a n e a r l y  e q u a l  
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TAU 
SEC 

5 0  
60  
70  
80 

I 90 
100 
110 
120 
130 

I 140 
150 
160 
170 
180 
190 
200 
210 
22 0 
230 
240 
250 
260 
270 

290 
300 
31 0 
320 
330 
340 
350 
36 0 
370 
380 
39 0 
40 0 
410 
42 0 
43 0 
440 
45 0 
46 0 
47 0 
48 0 
49 0 
500 
510 
520 

I 

I 

28 0 

ALT 
METERS 

436 
1443 
2804 
4502 
6374 
8326 

10289 
12214 
14095 
15951 
17805 
19683 
21605 
235f9 
25518 
27470 
29415 
31360 
33280 
351 76 
37 07 1 
38975 
40885 
42777 
446 5 1 
46504 
48352 
50200 
52041 
53878 
55671 
57393 
59089 
60788 
62459 
64081 
65676 
67243 

7031 9 
71922 
73 546 
7 5 2 0 5  
76838 
78462 
80102 
81767 
83471 

68757 

WIND MEASUREMENT--ERROR ANALYSIS (SA-9) 

ERRORS DUE TO a 5  HSm ERRORS DUE TO 2. MSm 
COMPUTED ACTUAL COMPUTED ACTUAL 

DUX DWY DUX DU Y DUX DWY DUX DW Y 
M I S  M/S MIS M I S  M I S  M I S  M I S  M / S  

a 00 
a 00 
a 00 
a 00 
a 00 

- a  33 
a 30 

- a  01 
- a  01  
- a  00 
- a  71 

a 62 
- a  16 

a 02 
- a 0 0  
1.57 

-1 a 82 
00 

-000 
- a  00 
2.37 

-2 a 79 
-a  04 

a 00 
- a  00 
3.24 

-3 76 
- a  01 
- a  02  
- a 0 2  
4.00 

-5 96 
03 

a03 
03 

5.97 
-7.38 

06 
a 07 

07 
6.25 

-5 a 68 
- a  03 
- a  06 
-0 06 
4.30 

-5 a 03 
- a  09 

- a  00 
- a  00 -. 00 

a 00 
a 00 
a 48 

- 0 5 1  
.01  
a 00 
a 00  
a 8 1  

-a  98 
a 16 

- a  0 2  
00 

l a 2 8  
-1 a 30 

- a  00 
- a  0 0  
- a  00 
1.85 

-1 a 91 
a 10 
a 00 

- a  03 
2. 52 

-2.50 
a 01 
a 01  
a 01  

3.38 
-3 a 71 

- a 0 1  
-a01 
- a 0 1  
4.58 

-4.15 
a 0 3  

- a  02 
- a  05 
3.90 

-3 a 64 
a 06 
a 00 
a01 

3.87 
-3.31 

a 05 

a 0 0  a 00 
a 00 a 00 
a 00 a 0 0  . 00 a 0 0  
00 a 0 0  

-1.31 1.93 
1.25 -2.28 
- a 2 5  a18 

a 0 0  a 0  1 
-a01 a 0 2  

-2.84 3.46 
2.47 -3.57 
-a19 a 1 1  

a 0 0  - a 0 0  
a 0 0  - a 0 0  

6.28 5.10 
-7.32 -5.60 

-a13 a 09 
- a 1 1  a06 
-a01 - a 0 0  
9.46 7.48 

-11.15 -8.02 
- a  04 a06 

a00 -a01 
a 0 0  - a 0 0  

12.98 10.07 
-14.99 -11.00 

a03 a07 
a 04 a 0  1 
004 - a 0 2  

16.09 13.60 
-23.72 -16.30 

a 37 a07 
042 a 09 
a 46 a08 

24.18 18.80 
-29.05 -20.57 

94 a19 
a 99 a 2 8  

1 a08 a 3 8  
25.87 16.30 

-21 a76 -15.67 
1 a07 a 3 4  
1.14 m34' 
1.09 a 3 3  

18.59 15.87 
-18 a61 -13 a 7 5  

1 a07 a36 

- a 0 0  
- a  00 

a 00 
- a 0 0  
- a 0 0  

-1.32 
1 a55 
-023 

a01 
-a01 

-2.82 
2.94 
- a 1 0  
-a00 

6.22 
-6.39 

-a02 
-a03 
-a01 
9.28 

-9 a 45 
a 0 2  

-a01 
-mu1 

12.52 
-12.56 

a 0 5  
a 03 

-a01 
15.21 

-20m6U 
-a19 
-a18 
- a  22 

21.54 
-25.90 

-a46 
- a  56 
-a22 

22.09 
-19.63 

- a 1 1  
-a07 
-a15 

15.71 
-17.09 

a01 

-.no 

-a00 
- a  00 
- a  00 

a 00 
a 00 

1 a93 
-2.25 

a 22 
- a 0 0  

a 0 1  
3.44 

-3 a 54 
a 16 
a 00 
a 00 

5.05 
-5.37 

a 04 
09 

-a01 
7.32 

-7.53 
a 09 

-a01 
-a01 
9.74 

-10 a43 
a 06 
a 02 

-a02 
12.96 

-15.67 
- a 1 1  
- a  10 
-a13 

17.22 
-20 a 36 

-a29 
-a29 
- a  08 

14.37 
-15.66 

- a  08 
- a  05 
- a  12 

14.20 
-13.91 

a 02 

WIND ERRORS DUE TO .5 MS AND 2.0 MS ERRORS I N  ALL MICROPHONE TIPIES 

Table 2 
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and oppos i t e  e r r o r  i n  t h e  Cj + l)St l a y e r  and p r a c t i c a l l y  no 

error t h e r e a f t e r ,  Thus, averaging 3 success ive  l a y e r s  can reduce 

t h e  percentage error approximately by a f a c t o r  of 3 *  This  however 

has  t h e  undes i rab le  effect  of dec reas ing  r e s o l u t i o n  by 1 / 3 a  

T h i s  sugges ts  t h e  p o s s i b i l i t y  of vary ing  t h e  i n i t i a l  l a y e r  

t h i c k n e s s  ( the reby  changing s i n g l e  l a y e r  errors) u n t i l  both t h e  

r e s o l u t i o n  and t h e  accuracy are opt imizeds Some e f f o r t  was 

made a long  these l i n e s  b u t  no s i g n i f i c a n t  g a i n s  w e r e  r e a l i z e d p  

I n  o r d e r  t o  s imul taneous ly  improve accuracy and r e s o l u t i o n  

of t h e  r e s u l t  it i s  necessary  t o  dec rease  t h e  error i n  t h e  i n p u t  

d a t a ,  

Repeated reading  of  a r r i v a l  t i m e s  e x h i b i t  a scat ter  t h a t  

i n d i c a t e  t h e  u n c e r t a i n t y  i n  t h e  a r r i v a l  t i m e s  i s  between 2 and 

2,5 m s ,  The system parameters  were chosen on t h e  b a s i s  of 

u n c e r t a i n t i e s  of about ha l f  t h i s  v a l u e a  T h i s  l a r g e r  error i s  

a t t r i b u t e d  t o  s l i g h t  d i f f e r e n c e s  i n  microphone c h a r a c t e r i s t i c s ,  

d i f f e r e n c e s  i n  l o c a l  background c o n d i t i o n s ,  and t o  l i m i t a t i o n s  

i n  manual reading  of t h i s  t ype  of d a t a  p r e s e n t a t i o n ,  

To t h e  e x t e n t  t h a t  t h e s e  effects a r e  random t h e  errors can 

be reduced by u s ing  a computer programmed f o r  cross c o r r e l a t i o n ,  

I n  such a program t h e  t i m e  d i f f e r e n c e  between t w o  channels  is 

determined by  an i n t e g r a t i o n  over  a p r e s e t  segment of t h e  d a t a  

r a t h e r  than  f rom a s i n g l e  wave form, t h u s  reducing  sma l l  random 

errorsc 

of p r o h i b i t i v e l y  high computer t i m e  r equ i r emen t s ,  b u t  r e c e n t l y  

acqui red  equipment, and an improved programming method hold 

promise f o r  t h i s  technique,  

Automatic cross c o r r e l a t i o n  has  n o t  y e t  been used because 
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The use of h ighe r  f requencies  of the  n o i s e  spectrum a l s o  

o f f e r s  t he  p o s s i b i l i t y  of increased p r e c i s i o n  i n  determining 

a r r i v a l  t i m e .  Experimentation w i t h  w i d e  band microphones is 

planned t o  e v a l u a t e  t h i s  p o s s i b i l i t y .  

7.2 Errors i n  t h e  Speed of Sound Profi le  

The temperature  up t o  30 k m  i s  measured by radio- 
I 

sonde and an accuracy of + l 0 C  i s  claimed for  these d a t a ,  
(I 

Above 30 k m  the  temperature  d a t a  a r e  estimated t o  be i n  e r r o r  

by a maximum of 10°C.  

aw 
awx AV and AV f o r  a s i n g l e  l a y e r  can be c a l c u l a t e d  3- 

r e a d i l y  by t h e  a n a l y t i c a l  technique described above. However, 

t o  account f o r  t h e  speed of sound errors i n  lower l a y e r s  a 

d i f f e r e n t  approach must be followed. 

A s t r a i g h t  forward way of e s t ima t ing  these f u n c t i o n s  is 

t o  modify V ( z )  and compare t h e  r e s u l t i n g  winds. T h i s  w a s  done 

as follows: Using t h e  speed of sound p r o f i l e  as given i n  t h e  

t r a j e c t o r y  a "s tandard"  wind p r o f i l e  w a s  determined. 

Then V ( z )  was r ep laced  by 

1) V ( z )  + 2 m/sec, f o r  z > 30 km (2.7O - 3.3OC temperature  

e r r o r )  

2) v(z) + 5 m / s e c ,  f o r  z > 30 k m  (6.8 - 8.3OC temperature  

e r r o r )  

and new wind p r o f i l e s  w e r e  derived, These should r e p r e s e n t  a 

"worst  case" a n a l y s i s  s i n c e  a cons tan t  displacement g ives  l a r g e s t  

e r r o r s  i n  t h e  i n t e g r a t e d  speed of sound. Fig. 12 shows AW, 

and AW as a func t ion  of a l t i t u d e  f o r  t h e s e  two cases, Y 
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7,3 Noise Source P o s i t i o n  Uncertainty 

The m e c h a n i s m  of exhaust  n o i s e  genera t ion  i s  

f a i r l y  w e l l  understood, b u t  there remains an u n c e r t a i n t y  in 

t h e  p r e c i s e  l o c a t i o n  of t h e  n o i s e  source wi th  r e s p e c t  t o  t h e  

v e h i c l e ,  For t h e  SA-9 data, t h e  source w a s  assumed t o  be on 

the  t r a j e c t o r y  150 meters a f t  of t h e  nozz le ,  

s e n s i t i v i t y  t o  an error i n  t h i s  'estimate, t h e  p o s i t i o n  of t h e  

source w a s  displaced 1 0 0  meters and a new wind p r o f i l e  d e t e r -  

mined. 

i n d i c a t e s  t h a t  t h i s  error is  probably n o t  s i g n i f i c a n t ,  

t 

I 

To determine t h e  

! 

Figure 13 shows t h e  r e s u l t s  of t h i s  displacement  and t 

7.4 Erro r  from Plane Wave Assumption 

The wave f r o n t  d e v i a t e s  s l i g h t l y  from planar  and 

t o  estimate t h e  amount of e r r o r  t h i s  induces,  a s p h e r i c a l  wave 

i s  considered,  

F ig ,  1 4  is a schematic of two microphones e q u a l l y  spaced 

about  t h e  o r i g i n  of a coordinate system. 

i s  located a t  ( x ' ,  y ' ,  z ' )  i n  t h i s  system, It is  assumed t h a t  

t h e  temperature  is cons tan t  throughout (Constant speed of sound, 

V) and t h a t  t h e  winds are zero ,  

A source of sound 

Since  R i s  l a r g e  compared w i t h  yo a plane wave approxima- 

The t i m e  r e q u i r e d  t i o n  a t  t h e  a r r a y  should be near ly  correct. 

fo r  such a p lane  wave t o  ckoss the  a r r a y  is: 

The t i m e  i n t e r v a l  f o r  a s p h e r i c a l  wave i s  

(39) 
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SPHERICAL WAVEFRONT IHTERCEPTING 3 IN-LINE-MICROPHONES, 

x The A t m o s p h e z e  fa  Ad8-d Isothermat and at R e s t ,  

4 1  



S u b s t i t u t i n g  R’ = x~ + y o 2  + z o 2  and expanding t h e  square  roots  

The f i r s t  t e r m  i s  j u s t  t h e  p lane  wave t e r m s  Note t h a t  t h e  

second order t e r m  i n  yo/R i s  absen t ,  T h i s  i s  d u e - t o  t h e  symme- 

t r i c a l  use  of t h e  t w o  microphones about  t h e  o r i g i n ,  This  t e r m  

always d isappears  i f  microphones are taken  i n  such p a i r s a  A 

three microphone a r r a y  t h e r e f o r e  could  n o t  be used i n  t h i s  manner 

and t h e  e r r o r  due t o  t h e  non-plane wave would be correspondingly 

g r e a t e r  

For t h e  a r r a y  used du r ing  t h e  SA-9 launch yo f o r  t h e  extreme 

microphones is about  6 0 0  meterss Af te r  t h e  v e h i c l e  has  reached 

maximum rawinsonde a l t i t u d e  R i s  a t  Peast  300000 meterso I n  

t h i s  case yo/R 2 x and (yo/R13 8 x 10’-60 Since  t h e  

i s  on t h e  order of 2 second, t i m e  t, 

o 5  x 1 0 2 0  The s p h e r i c a l  t e r m  i s  then  about. 1 /2  m s c  Therefore  

t h i s  s i z e  a r r a y  i s  compatible  w i t h  t h e  accuracy (1 m s )  desired 

i n  t h e  reading  o f  microphone t i m e s ,  

2 lo2# so 
YO - t+Yo V V 



I 
I 

t 

vi([- CONCLUSION 

The agreement between the wind profiles determined by the 
/ 

Rocket Exhaust Noise Wind Technique and other simultaneous 

measurements during the flight of the SA-9 is evidence of the 

validity of the acoustic technique described herein,- 

On the basis of the error analysis, the maximum errors 

in the SA-9 wind profile are estimated to be about * 20m/s at 
85Kma and decreasing to about 2 7m/s at 30Km, 

are attributed principally to inaccuracies in the reading of 

the microphone arrival times and should be reducible to about 

5m/s at 85 Km, to 5 2m/s at 30Kma by the use of improved 

These errors 

data reduction techniques, 

At locations where large booster rockets are launched 

regularly, a rather modest ground station can gather wind data 

from the ground to, in some cases, 85Km, These data measured 

concurrent with the rocket flight have important engineering 

value, and the upper atmosphere wind profiles measured on a 

regular basis would be an important supplement to the data 

available to meterologistsa 

43  



REFERENCES 

1) Nordberg, W , ,  "A Method of Analysis  f o r  t h e  Rocket-Grenade 

Experiment," U. S. Army S igna l  Engineer ing Laboratories 

Technical  Memorandum NR, M-1856, February 1957c 

2 )  Stroudd,  W, G , ,  W, Nordberg, W, R e  Bandeen, F,  L. Bar tman,  

and P, T i t u s ,  "Rocket-Grenade Measurements of Temperature 

and Winds i n  t h e  Mesosphere over C h u r c h i l l @  Canadap" J, 

Geophysical Researchp 65, 2307-2323, 1960, 

.I 

3) S t roud ,  W, G o ,  Nordberg, W , ,  and Walsh, Jo R e ,  "Temperatures 

and Winds between 30 and 80 km," J, Geophysical Researchl  

61, 45-56, 1956, 

.I) 

4 )  !'Ground Support  and Data Analys is  and Associated Research 

and Development f o r  t h e  Rocket Grenade Experiment, F i n a l  

Report)  September 1 9 6 2 ,  Edi ted  by A,  M,  Par ra ,  Sche l l enge r  

Research Labora to r i e s ,  Texas Western Col lege ,  E l  Paso# Texas* 

5)  Ot te rman,  J a ,  " A  Simpl i f i ed  Method f o r  Computing Upper- 

Atmosphere Temperature and Winds i n  t h e  Rocket-Grenade 

Experimentp'' Univ, of Mich, Tech, Report  2387-40-T, Army 

Cont rac t  Noa DA-36-039-SC-64657, June 1958a 

6 )  Mi lne ,  E o  A , ,  "Sound Waves i n  t h e  Atmosphere," P h i l ,  M A .  4 2 ,  

96 -114 ,  1 9 2 1 .  

4 4  


